Study on mass transfer in cells under different factors is of great significance for improving the output capacity of direct methanol fuel cells. The influence of flow-field orientations on mass transfer in anode interdigitated channels of a liquid-feed direct methanol fuel cell is experimentally studied. The cell is at an angle of 30°, 60°, and 90°in the clockwise and counterclockwise direction, and characteristics of carbon dioxide bubbles and methanol solution flow are observed since the two-phase flow is directly related to the supply of reactants and discharge of products. Results show that the velocities of the carbon dioxide bubbles decrease as the channel rotates closer to the horizontal direction. The voltage decreases as the rotation angles increase.
It can be seen from the electrochemical formula that the reaction products are carbon dioxide (CO 2 ) gas and water. The CO 2 gas will accumulate in the gas diffusion layer and the catalyst layer, which affects the supply of reactants. That can exacerbate concentration polarization, hence the cell performance rapidly decreases. The smooth discharge of CO 2 gas provides favorable conditions for DMFCs to generate more electrical energy. (Lu and Wang, 2004) . Therefore, it is of great significance to study the influence of two-phase flow on the cell performance . Existing literature on two-phase flow in DMFCs mostly concentrates on parallel channels, serpentine channels, and interdigitated channels (Yang et al., 2005b; Ye et al., 2009 Ye et al., , 2017a Lu et al., 2011; Cao et al., 2013) .
In addition to the current density, temperature, and methanol flow rate (Hashemi et al., 2015; Mallick and Thombre, 2017; Ye et al., 2017b) , the effect of gravity and rotation angles on the cell performance has been widely studied in recent years. (Chen et al., 2006; Guo et al., 2009 Guo et al., , 2016 Han and Zhan, 2010; Kong, 2007) . When the cell deviates from the vertical direction at a certain angle, the state of two-phase flow will change greatly. Yang et al. (2005b) indicated that the cell can output more power when placed vertically. Ting et al. (2016) investigated orientational effect on cell performance of a passive DMFC. Results also showed that the cell has a high output capability in the vertical direction. Jia et al. (2018) investigated the influence of parallel channels' orientations on the flow of CO 2 bubbles and methanol solution by visualization technique.
This paper adopted the same experimental system and visualization technology as Jia et al. (2018) , who studied the two-phase flow of a liquid-feed DMFC with interdigitated channels. The operation conditions of visualization experiment in this paper are not completely the same as those in Jia et al. (2018) .
EXPERIMENTAL

Structure and Assembly of the Single DMFC
A schematic diagram of the composition of a DMFC is shown in Fig. 1 , while Table 1 shows the materials used in the various components. The cathode and anode catalysts were attached to the two sides of the proton exchange membrane. The growth of CO 2 bubbles and gas-liquid two-phase flow was observed and recorded through a transparent window in the middle of the anode plate. Geometric parameters of various components are listed in Table 2 .
Assembly order of the cell was from the cathode to the anode. First, we put the bolt on the cathode end plate and laid them flat on the workbench, and then placed the positioning pin, insulation sheet, and the cathode plate in turn. Next, we placed the sealed sheet on both sides of the membrane electrode assembly (MEA) and placed them on the cathode plate. Then we placed the conductive sheet, gasket, and the anode transparent plate, and placed the end plate on the anode plate. Finally, we tightened the bolts evenly with a torque wrench.
Experimental System and Operating Conditions
The experimental system is shown in Fig. 2 . The experimental system used in this paper was designed by our team. In order to avoid repetition, we will not give a detailed description here, but only give a supplementary explanation to the details. The composition of the experimental system can be referred to Jia et al. (2018) , and the cycle of the DMFC can be referred to Ye et al. (2017b) . In this experiment, the amount of CO 2 produced by the reaction was very small, so the utilization of CO 2 was not designed, and CO 2 was directly discharged into the environment. To accurately control the flow of methanol solution, two peristaltic pumps with different ranges were used in the anode side. To better control pressure and flow rate, two pressure transmitters with accuracy of 0.25% and five flowmeters with different ranges were used, respectively. A high-speed camera (Sony DSC-P10, Japan) was used to record the transfer process of CO 2 bubbles and methanol solution. In the experiment, the voltage of the DMFC was measured by controlling the current density, and then the power was calculated according to the current density and voltage. The programmable electronic load and control software was the same as that used in Ye et al. (2017b) . The cell voltage
FIG. 2: Experimental system
was collected every 10 s. At the same current density, thousands of voltage values were measured and the average value was calculated. The accuracies of the current density and cell voltage are both less than 0.1% full scale range (FSR). According to the power accuracy formula given by Xu et al. (2013) , the power accuracy is 0.2001%. Firstly, the steady-state performance test was completed. The operating conditions are listed in Table 3 . Then the transfer process of CO 2 bubbles and methanol solution in interdigitated channels was studied when the cell was rotated at diverse angles. Figure 3 is a schematic diagram of cell position at different rotation angles. The direction of gravity force is given when the DMFC is rotated clockwise by 30°, which is the same as the direction of gravity force of the other rotation angles. Table 4 shows the operating conditions for the visualization test.
RESULTS AND DISCUSSION
Steady-State Performance
The performance curve of the DMFC under the selected conditions is shown in Fig. 4 . The irreversible loss of an actual fuel cell contains three parts: the activation polarization, ohmic polarization, and concentration polarization. In the current density of 0 ∼ 22 mA cm −2 (region A in Fig. 4 ), the loss caused by the activation polarization is the largest. The ohmic polarization plays a leading role within the current density of 22 ∼ 166 mA cm −2 (region B in Fig. 4 ). The ohmic polarization results from the resistance generated when electrodes, electrolyte, and plates conduct electrons and protons, and these internal resistances comply with Ohm's law. The concentration polarization plays a major role within the current density of 166 ∼ 192 mA cm −2 (region C in Fig. 4) , and it is characterized by the rapid degradation of cell performance, which is accounted for by the insufficient supply of reactants. The loss caused by concentration polarization has the greatest impact on cell performance, which can also be seen from the power density curve. When the current density is 148 mA cm −2 , the cell has the highest power density. Then, with the increase of current density, the performance of the DMFC decreases sharply. The results of the steady-state performance experiments show that the visualization experiment can be carried out smoothly. For the case of the DMFC in the clockwise direction, when the angle between the cell and the vertical direction is 30°the bubbles in the outlet flow channels cling to the upper wall and flow quickly to the outlet manifold as shown in Fig. 6 , which is different from the phenomenon observed in the parallel flow channels (Jia et al., 2018) because the shape of the two flow fields are different. The gas smoothly discharges in the outlet flow channels, yet the bubble size is significantly larger than that in the vertical direction. The inlet channels are partially or fully filled with gas, and the gas slug flow is formed in the outlet manifold. The gas slug length is obviously smaller, as opposed to that in the vertical direction. When the angle between the cell and the vertical direction is 60°, the size of bubbles in between the cell and the vertical direction is 90°, the bubbles close to the upper wall of the outlet channels grow further, and some even swallow each other, forming gas slugs and gas columns. As shown in Fig. 7 , some large gas columns even run through the entire outlet channels and slowly move to the outlet manifold. After gas columns enter the outlet manifold, they rapidly move upward under the action of buoyancy force because the outlet manifold is in the vertical direction. The upper part of the inlet manifold is full of gas. Thus, it can be seen that at low flow rates, buoyancy force has a great influence on CO 2 bubbles due to the small impetus supplied by the pump. And, buoyancy force is less helpful to bubble movement with the increase of clockwise rotation angles. Buoyancy force has no effect on bubble movement in the horizontal channels, which causes the bubbles to slowly move in the horizontal direction. The influences of buoyancy force on bubbles motion in the outlet manifold are also evident. As the angle between the cell and the vertical direction increases, the gas is quickly expelled from the outlet manifold. And, the gas entering the outlet manifold is in the form of gas columns when the cell is clockwise rotated by 90°.
CO 2 Bubbles Behaviors and Mass Transfer Characteristics
FIG. 7: CO 2 gas columns run through the entire outlet channel
For the case of the DMFC in the counterclockwise direction, the impact of buoyancy force on CO 2 bubble flow and gas-liquid two-phase flow is also obvious; however, due to the direction change of the inlet manifold and the outlet manifold, the situation in flow channels is very different from the case of clockwise rotation. When the angle between the cell and the vertical direction is 30°, the flow pattern in the outlet flow channels is the dispersed bubble flow, and bubbles quickly move to the outlet manifold along the flow channels. However, the gas is trapped at the uppermost outlet flow channels that are near the outlet manifold (Fig. 8) . When the cell is rotated counterclockwise, the exit of the outlet manifold locates at the bottom, so that the gas entering the outlet manifold will remain there. The gas trapped in the outlet manifold can block outlet flow channels, causing the gas to stay in the upper outlet flow channels of the flow field. When the angle between the cell and the vertical direction is 60°, the size of bubbles in outlet flow channels becomes larger, and small gas slugs will appear at the outlet. The gas is trapped in the upper three outlet channels, and the length of the gas columns in flow channels will increase with time. When the angle between the cell and the vertical direction is 90°, the top three outlet channels are occupied by gas, and most of the outlet flow channels are occupied by the gas columns.
For the case of the DMFC in the counterclockwise direction, the flow pattern of CO 2 bubbles and methanol solution flow in the outlet manifold changes with the rotation angles. When the angle between the cell and the vertical direction is 30°, the main flow regime in the outlet manifold is stratified flow, with the gas flowing along the upper part of the manifold and methanol solution flowing along the lower part. As the rotation angles increases, the stratified flow area is gradually replaced by the annular flow area. When the angle between the cell and the vertical direction is 90°, the two-phase flow pattern in the outlet manifold turns into annular flow, with gas core and liquid film flowing along the manifold walls. At that the stratified flow completely disappears.
Cell Voltages under Diverse Rotation Angles
Cell performance is affected by the rotation angle. Figure 9 shows the cell voltages under diverse rotation angles. Rotation angles less than zero correspond to the cell rotated counterclockwise; rotation angles higher than zero correspond to the cell rotated clockwise; while zero angle corresponds to the vertical cell. Figure 9 shows the maximum and minimum values of the cell voltage recorded in the experiment for different rotation angles. For each angle the voltage fluctuates between the maximum and minimum values (arithmetic mean values are also presented in Fig. 9 ).
As shown in Fig. 9 , the impacts of rotation angles on cell voltage are somewhat different when the cell is rotated counterclockwise and clockwise. The DMFC has the highest voltage when the flow field is placed vertically, and the cell voltage will decline in different degrees as the rotation angles change. This is mainly because of the effect of the buoyancy force on gas movement, which decreases when rotated: The gas slowly moves and more easily integrates in the channels. The increase of the amount of CO 2 gas in flow channels hinders methanol transfer to the catalyst layer, which reinforces the concentration polarization; therefore, the cell voltage is decreased. The clockwise voltage is higher than counterclockwise voltage when the cell is rotated by 30°and 60°. This is because the direction of the outlet manifold is different when rotated clockwise and counterclockwise. The outlet is located at the bottom when rotated counterclockwise; thus, the CO 2 gas is more likely to accumulate in the cell, therefore hindering the methanol mass transfer. However, when the cell is clockwise rotated, the outlet moves to the top, and the CO 2 gas can escape relatively easily. The voltage is slightly higher when the DMFC is rotated counterclockwise by 90°compared with that when the DMFC is rotated clockwise by 90°, which is probably because of the effect of the resistance in the diffusion layer (the effect of the buoyancy force is the same for the two cases).
For the case of the DMFC in the counterclockwise direction, the DMFC voltage diminished with the increase of rotation angles. This is because of the decrease of the effect of buoyancy on the gas movement: The gas is more likely to accumulate in flow channels thus hindering the methanol mass transfer. As the counterclockwise rotation angle increases, the direction of outlet manifold changes from horizontal to vertical; therefore, the emission of the CO 2 gas in the manifold becomes more difficult, which also hinders the gas exhaust from flow channels and reduces the DMFC voltage.
For the case of the DMFC in the clockwise direction, the DMFC voltage drops when the cell is rotated from 0°to 30°, then it rises when the cell is rotated from 30°to 60°, and it drops again when the cell is rotated from 60°to 90°. The voltage is the minimum when rotating by 90°. The reason for this phenomenon is that the degree of gas unequal distribution in flow channels increases with the clockwise rotation angle, while the gas in the outlet manifold is smoothly exhausted. An optimum is reached at an angle of 60°; hence the DMFC voltage is high. When the angle between the cell and the vertical direction is 90°, the CO 2 gas is difficultly exhausted and is accumulated in the channels, which has a great impact on the mass transfer; thus the cell voltage attains the lowest value. The trend of voltage variation observed in this paper is different from that in parallel channels (Jia et al., 2018) . For the case of the DMFC with parallel channels in the clockwise direction, the DMFC voltage decreases with the rotation angle.
CONCLUSIONS
In this paper we have studied carbon dioxide bubble behaviors and flow of carbon dioxide bubbles and methanol solution in interdigitated channels of a transparent direct methanol fuel cell under various rotation angles. According to the above analysis, the following experimental conclusions can be summarized:
1. The change of the bubbles in the outlet flow channels is consistent with the change in the parallel flow channels.
2. The changes in trend of the direct methanol fuel cell voltage in interdigitated channels and parallel channels are different.
